The toxicity of the suicide HSVtk gene approach is known exposed to different concentrations of ganciclovir. After to be targeted to DNA synthesis and, consequently, to 5 days of treatment, an MTT test measured a dramatic dividing cells. This system is therefore useful for the treatdecrease in cell viability for treated astrocytes while a small ment of brain tumors which contain dividing cells surdecrease in cell viability was observed for neurons treated rounded by a quiescent normal tissue. Adenoviruses are in the same experimental conditions. The differential toxefficient vectors for the transfer of the HSVtk gene into the icity of the HSVtk/ganciclovir treatment was also observed tumor but this can lead to the transduction of quiescent in cocultures of astrocytes and neurons: an immunocytochcells. In this study, we focused on the toxicity of the emical analysis of the treated cells showed major morphoHSVtk/ganciclovir treatment for the two main cell types of logical modifications for astrocytes but not for neurons. the normal brain: astrocytes and neurons. Astrocytes and Furthermore, our data suggest that a bystander effect is neurons in primary culture were infected by an adenoviral able to kill all the astrocytes while neurons from the same vector bearing the HSVtk gene (Ad.tk) and cells were culture remain unaffected.
Introduction
HSVtk/ganciclovir treatment specifically inhibits DNA Gene therapy protocols using the suicide gene approach synthesis, it affects proliferating cells like tumoral cells have been previously demonstrated to be efficient for the surrounded by neurons and astrocytes which do not protreatment of experimental brain tumors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In these proliferate in the normal adult brain. tocols, the suicide gene utilized is the thymidine kinase In contrast to retroviruses, adenoviruses can infect low gene of herpes simplex virus (HSVtk gene). The HSVtk proliferative or nondividing cells. [18] [19] [20] [21] Therefore, even if converts analogs of nucleosides, such as ganciclovir, into the gene transfer can be limited because the recombinant toxic compounds that inhibit DNA synthesis by interadenovirus does not efficiently diffuse from the site of fering with DNA polymerization and lead to cell death.
injection, the infection of quiescent astrocytes and neuThe transfer of the suicide gene into tumoral cells can rons by the adenoviral vector cannot be excluded. So far, be performed by recombinant viral vectors. Most of the no study has focused on the potential toxicity of the recombinant vectors that are utilized for cancer gene HSVtk/ganciclovir system on quiescent or low-proliferattherapy derive from murine retroviruses 13 or human ive cells like those of the normal adult brain. adenoviruses.
14 Although injection of retrovirus-producIn the present study, the toxicity of ganciclovir for neuing cells into the tumor is needed to achieve the transducrons and astrocytes expressing the HSVtk gene was tion of a sufficient percentage of targeted cells, a high evaluated. The HSVtk gene was transferred into astrogene transfer efficiency can be obtained following the cytes or neurons in primary separate cultures and in intratumoral injection of an adenoviral suspension. [15] [16] [17] coculture, using a replication-deficient adenoviral vector. Using an adenoviral vector, several studies described sigFirst, the gene transfer efficiency in both cell types was nificant regression and complete eradication of gliomas measured using a reporter adenovirus coding for the implanted in the rodent brain, after treatment by suicide ␤-galactosidase gene of E. coli. Second, the toxicity of the gene therapy. 5, 6, 8, 10 These studies demonstrate that intraganciclovir treatment was evaluated in cells infected by tumoral injection of a recombinant adenovirus leads to an adenoviral vector bearing the HSVtk gene, by measurthe transfer of the HSVtk gene in a proportion of tumoral ing cell viability of cultured astrocytes and neurons cells which is high enough to induce brain tumor as well as morphological changes resulting from the treatment. 
Results
( Figure 1c ) and, therefore, correspond to neurons. Conversely, no labeling was found when the same cultures Evaluation of in vitro adenovirus-mediated gene transfer were analyzed by immunocytochemistry with the antiefficiency in primary cultures of rat neurons and GFAP antibody (not shown). These results demonstrate astrocytes that the Neurobasal medium containing 2% of the B-27 Primary cultures of astrocytes isolated from the brain of supplement allows maintenance of neurons in culture new-born rats were labeled by the anti-GFAP antibody without contamination of the culture by astrocytes. (Figure 1a ). This culture was not contaminated by Cultured astrocytes or neurons were infected by a neurons as demonstrated by the absence of immunocytorecombinant adenovirus bearing the ␤-galactosidase gene chemical detection of MAP2-positive cells (not shown).
(Ad.␤gal). Forty-eight hours after this infection, the ␤-Primary cultures of rat neurons were analyzed by immugalactosidase activity was detected in several cells in culnocytochemistry using an anti-MAP-2 antibody. After 5 days of culture in the Neurobasal medium, all the cultures of both astrocytes ( Figure 1b ) and neurons ( Figure   Figure 1 Table 1 show that the percentage of infected cells increases with the multiplicity of infection and is significantly higher for astrocytes than for neurons at each multiplicity of infection (MOI) tested.
Using an MTT test, a toxicity of the viral infection was observed when cells were infected at MOI superior to 1 for astrocytes and to 10 for neurons (data not shown). This was observed for both Ad.␤gal and Ad.tk and therefore, does not seem to be related to the nature of the transgene. Consequently, further experiments were performed using MOI for which toxicity was not observed.
Study of the toxicity of ganciclovir for astrocytes and neurons infected by Ad.tk A recombinant adenovirus bearing the HSVtk gene was utilized to infect astrocytes in culture. After incubation with ganciclovir, an MTT test showed a significant decrease in cell viability for astrocytes infected by Ad.tk as compared to astrocytes infected by Ad.␤gal or noninfected cells. The cytotoxicity increased with the concentration of ganciclovir in the culture medium. After a 5-day incubation with ganciclovir, a 65 or 80% decrease in cell viability was measured for astrocytes infected by Ad.tk at MOI 0.1 or 1, respectively ( Figure 2a (Table 1) . Therefore, these data suggest that or neurons (b) infected by Ad.tk (at MOI 0.1 (), 1 (̆)), by Ad.␤gal (at ganciclovir is able to kill more astrocytes than those
MOI 1 (̃)) or in noninfected cells (ș).
expressing the HSVtk gene. This phenomenon described by others in different models is known as the bystander effect.
22-26 Rat-cultured neurons were also infected by astrocytes than for cultured neurons, after infection by Ad.tk. Ad.tk. After a 5-day incubation with ganciclovir, only a 20% decrease in cell viability was observed ( Figure 2b ). Nevertheless, this small toxic effect did not seem to be Adenovirus-mediated gene transfer and HSVtk/ganciclovir toxicity in cocultures of astrocytes and related to both the ganciclovir concentration and the multiplicity of infection. These results demonstrate that ganneurons Astrocytes and neurons in coculture were infected by ciclovir toxicity was significantly higher for cultured Ad.␤gal. Cytochemical detection of ␤-galactosidase activity showed that both cell types in the coculture were infected by the recombinant adenovirus ( Figure 3a and astrocytes when the coculture was infected by Ad.tk and
Figure 3 Histochemical detection of ␤-galactosidase activity in astrocytes and neurons in coculture infected by Ad.␤gal (MOI 1). Cell types were identified by immunocytochemical detection of GFAP (a) and MAP-2 (b). Magnification × 292.
in vivo study, the HSVtk/ganciclovir toxicity was investi- In the present study, the toxicity of the HSVtk/ ganciclo-0.5 9 ± 4 1 9 ± 6 vir treatment was more precisely evaluated on primary
cultures of rat neurons and astrocytes. (Figure 4c ), but no morphological astrocytes than for neurons. This was also observed when changes were detected in neurons from the same coculastrocytes and neurons were cocultured. These obserture (Figure 4d) .
vations are in accordance with previous in vivo studies which described the preferential transduction of normal Discussion astrocytes following injection of Ad.␤gal in the brain.
18,21,27,28
Suicide gene therapy has been previously utilized for the Cultured astrocytes and neurons were infected by treatment of experimental brain tumors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] After the Ad.tk. Following exposure to ganciclovir, the viability of transfer of the HSVtk gene into tumoral cells by recombicultured cells was measured using an MTT test. The nant viral vectors, tumor eradication has been demonviability of astrocytes decreased as a function of both strated to occur following ganciclovir treatment. Recomextracellular ganciclovir concentration and MOI. More binant adenoviruses are very efficient vectors, able to than 80% of the cultured astrocytes infected by Ad.tk at transfer a foreign gene into a tumor. However, these vecan MOI of 1 were killed by 10 m ganciclovir. In the same tors can also transduce nondividing cells.
18-21 So far as experimental conditions, a decrease of 20% in viability of brain tumors are concerned, the use of adenoviral vectors neurons was measured. This small decrease was not could therefore induce ganciclovir toxicity for the normal brain tissue, following HSVtk gene transfer. In a previous related to ganciclovir concentration nor to MOI by Ad.tk.
Figure 4 Immunocytochemical detection of GFAP (a and c) and MAP-2 (b and d) in astrocytes and neurons in coculture infected by Ad.tk (MOI 10), untreated (a and b) or treated (c and d) by ganciclovir. Magnification × 284.
These observations were confirmed when neurons and When astrocytes are infected by Ad.tk at an MOI of 0.1, 60% of the cells are killed by 30 m ganciclovir. When astrocytes were cocultured. Morphological analysis of astrocytes and neurons infected by Ad.tk and treated by these cells are infected by Ad.␤gal at the same MOI, the histochemical detection of the ␤-galactosidase activity ganciclovir showed that ganciclovir was toxic for infected astrocytes while neurons remained unaffected. This difshowed that 11% of them express the transgene. Although the efficiency of infection by Ad.tk cannot be ferential toxicity can result from the fact that the inhibition of DNA synthesis is much more toxic for proliferatdirectly correlated to that of Ad.␤gal, these results suggest the existence of a bystander effect which can be ing cells. While DNA synthesis is highly needed by proliferating astrocytes, the DNA polymerase activity in explained by a metabolic cooperation between cells. This cooperation could result from the transfer of toxic ganquiescent neurons is much lower and only utilized for DNA repair. Although the incorporation of phosphorylciclovir metabolic products from HSVtk+ to HSVtk− cells. [22] [23] [24] 26 Although this bystander effect was previously ated ganciclovir into RNA by RNA polymerase remains debatable, our results suggest that such a mechanism is observed in numerous cell lines, 22-26 our results show that metabolic cooperation related to HSVtk/ganciclovir treatprobably little involved in cellular toxicity of ganciclovir. In addition, the HSVtk/ganciclovir-mediated death of ment can also occur in primary cultures of astrocytes.
Furthermore, it has been demonstrated that the bystander astrocytes does not seem to release neurotoxic factors. effect is mediated by gap junctions 22, 23, 25 and is correlated proportion of astrocytes and neurons corresponding to 51% and 49%, respectively. to the extent of such intercellular communications. 24, 26 Cultured astrocytes are known to be extensively coupled Immunocytochemical detection of MAP-2 and GFAP to each other by gap junctions but not to adjacent neuproteins rons from the same coculture. 29 Our results demonstrate Neurons in cultures were identified by the immunocytothat neurons in coculture with astrocytes were not affecchemical detection of the microtubule-associated protein ted by the HSVtk/ganciclovir treatment. The absence of MAP-2 and astrocytes were detected using an anti-glial junction between astrocytes and neurons in culture could fibrillary acid protein (GFAP) antibody. Cultured cells explain the absence of bystander neuron killing. It analyzed in immunocytochemistry were grown on a remains, however, that even if neurons contain phosglass coverslip coated with 10 g/ml poly-l-lysine. Cells phorylated ganciclovir, they can probably survive as a were fixed in 2% formaldehyde and 0.05% glutaralresult of their slow rate of DNA synthesis and repair.
dehyde for 5 min. After rinsing in PBS, the endogenous In conclusion, this study clearly demonstrates the difperoxidase activity was blocked by incubation in 0.3% ferential toxicity of the HSVtk/ganciclovir treatment on H 2 O 2 in Tris-buffered saline (TBS) for 10 min. After two primary culture of astrocytes and neurons which seems incubations (10 min) in a solution of 0.1% Triton X 100 to result from the different growth rates of these two cell in TBS, cells were incubated for 10 min in 0.5% sodium types in culture. In the adult brain, both neurons and borohydride in TBS. Cells were then incubated for 16 h astrocytes do not proliferate. This probably explains why with the primary antibody (anti-MAP2: anti-serum B9 30 the HSVtk/ganciclovir treatment does not induce an or with an anti-GFAP: polyclonal antibody, DAKO, important cell loss in vivo. 10 In the experimental model Denmark) diluted 1:800 in TBS containing 1% fetal calf of rat brain tumors, our results suggest that the suicide serum. After two washes in TBS, cells were sequentially gene approach could be toxic only for dividing reactive incubated with swine anti-rabbit antibodies (DAKO) astrocytes located around the tumor.
(diluted 1:100) for 1 h, washed, incubated with the peroxidase-antiperoxidase complex (DAKO) (diluted 1:100) for 1 h and revealed in diaminobenzidine (0.03% in 0.05
Materials and methods
m Tris-HCl, pH 7.6, 10 mm imidazole, 0.015% H 2 O 2 ). Primary culture of rat neurons and astrocytes Construction of the recombinant adenoviral vectors Primary cultures of neurons were obtained from the foreAd.␤gal and Ad.tk were described in previous studbrain of 16-day-old Wistar rat fetuses. After dissection of ies. 10, 14 The vector Ad.␤gal carries the ␤-galactosidase the cortex and mechanical dissociation with a Pasteur reporter gene under the transcriptional control of the pipette, cells were plated on Petri dishes previously long terminal repeat promoter of the Rous sarcoma virus coated with 10 g/ml poly-l-lysine. Cells were main-(RSV-LTR). The vector Ad.tk carries the thymidine kinase tained at 37°C in a humidified atmosphere of 5% CO 2 in gene of herpes simplex virus (HSVtk), isolated from the a Neurobasal medium (GIBCO-BRL, Bethesda, MD, USA) plasmid pHSV106 (GIBCO-BRL, Gaithersburg, MD, supplemented by 2% of B-27 (GIBCO-BRL), penicillin (50 USA), under the transcriptional control of the RSV-LTR IU/ml) and streptomycin (50 g/ml). Further experipromoter. Recombinant adenoviruses were generated in ments were performed on 5-day-old cultures of neurons.
293 transformed human kidney cells by homologous Primary cultures of astrocytes were prepared from the recombination between a plasmid containing the transforebrain of new-born Wistar rats. The cortex was disgene and the large ClaI fragment of the Ad5 dl324 viral sected out and mechanically dissociated with a Pasteur DNA, as previously described. 14 Recombinant viruses pipet. Cells were plated in Petri dishes coated with 10 were purified from isolated plaques and viral DNA was g/ml poly-l-lysine and grown at 37°C in a humidified prepared. Recombinant adenoviruses containing the atmosphere of 5% CO 2 in DMEM (GIBCO-BRL) suptransgene were identified by restriction fragment analyplemented with 20% fetal calf serum, penicillin (50 sis, amplified and tested for the transgene activity (see IU/ml) and streptomycin (50 g/ml). The culture below). Viral preparations were purified by two CsCl medium was removed every 2 days and replaced by gradient centrifugations, dialyzed against buffer containfresh medium. Confluent cells were maintained under ing 10 mm Tris-Cl pH 7.5, 1 mm MgCl 2 and 135 mm NaCl agitation for 5-6 h at 37°C in a humidified atmosphere, and stored in 10% glycerol at −80°C. Viral titer was the supernatant containing nonadherent cells was determined by plaque-assay on 293 cells and expressed removed and replaced by DMEM supplemented with as plaque formation units (p.f.u.)/ml. 10% fetal calf serum, penicillin (50 IU/ml) and streptomycin (50 g/ml). At confluence, cells were recovered by Infection of cultured cells by recombinant adenoviruses Primary cultures of rat neurons and astrocytes were pertrypsinization and plated in Petri dishes at lower density. Further experiments were performed on cultures of astroformed in six-well dishes at a density of 1 × 10 6 and 5 × 10 5 cells per well, respectively, or in 96-well plaques cytes 24 h after the subculture.
Cocultures of astrocytes and neurons were obtained at a density of 3 × 10 4 and 1.5 × 10 4 cells, respectively. Cocultures of astrocytes and neurons were grown in sixform the cortex of 16-day-old Wistar rat fetuses. Cells were dissociated and plated in Petri dishes as described well dishes at a density of 10 6 cells per well. Suspensions of recombinant adenoviruses were prepared in culture above and grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, penicilmedium and added on cultured cells for 1 h at 37°C (final volume of 1 ml in six-well dishes and 50 l of culture lin (50 IU/ml) and streptomycin (50 g/ml). Infection experiments were performed 5 days after the beginning medium in 96-well plaques). After addition of fresh culture medium, cells were re-incubated at 37°C. Cells were of the culture. At this stage, the immunocytochemical identification of both cell types showed a relative tested for the transgene activity 48 h after infection. (SDS) and homogenization, the optical density (OD) of 
